Abstract. This paper presents an experimental investigation of cold collisions between metastable helium atoms in an optical trap at 1 mK. Penning (PI) and associative (AI) ionization reactions are distinguished using a mass spectrometer and studied under influence of near resonant laser light. Dramatic enhancement, by more than a factor 15, of the ion rate is observed when the laser is tuned close to resonance. Experimental findings are well-described, on an absolute scale, by model predictions.
Introduction
The ability to trap and manipulate neutral atoms by means of laser light have created new fascinating environments for studies of atomic interactions at low temperatures [1, 2] . With the invention of the magneto-optical trap (MOT), dense and cold samples of atoms are now produced routinely and studied under controlled conditions. Collision dynamics of cold atoms have recently attracted considerable attention experimentally as well as theoretically [3] [4] [5] [6] [7] [8] [9] . When a near resonant light field is introduced into the cold atom cloud the rate coefficient for collisional processes can be dramatically modified [9] . As two slowly moving atoms approach they form a quasi molecule which can be excited during the collision. If the molecular complex is excited to a repulsive energy state the atoms will be pushed apart thus preventing them from reaching small internuclear distances where reactions may take place. This effect is called optical shielding of collisions and has been observed in several systems [6, 10] . In the case of a light field detuned below the atomic resonance, excitation to an attractive potential curve will take place. Note, that the interaction potential will depend critically on the electronic state of the atoms involved. When the two atoms are in the ground state we have a van der Waals interaction which scales as 1/R 6 . With one atom in an excited P -state, the potential energy arises from an induced dipole-dipole interaction scaling as 1/R 3 . Since the excited state potential reduces the centrifugal barrier more partial waves will contribute in the collision process, exemplified for the He*-He* system in Figure 1 . Typically only zero or one partial wave come in play for colliding atoms in the ground state at mK temperatures while usually 5-10 partial waves will contribute for the excited state potential. Fig. 1 . Lowering of the centrifugal barrier in the excited state for the He*-He* system. The ground state S−S potential scales as 1/R 6 and has a centrifugal barrier, which is already for = 1 too high to overcome. The excited state S−P potential scales as 1/R 3 , which for a temperature of 1 mK allows 12 partial waves to reach short internuclear distances.
Interaction with the light field, leading to excitation, spontaneous emission and stimulated emission of the quasi molecule, is an intrinsic part of the cold collision dynamics and offers additional room for influencing the outcome of a collision event. Here the lifetime of the atom in question is important as well as the power and polarization of the light used to probe the collision. This situation is in sharp contrast to collisions with laser prepared atoms at thermal or higher temperatures. Here light is used to excite an independent, isolated atom which then collides with another particle.
The present experiment addresses optical collisions between cold metastable triplet atoms in an optical trap at 1 mK. The atoms may be in the He(2 3 S) ground state or the He(2 3 P ) excited state and will spontaneously Penning ionize if their internuclear distance becomes sufficiently small
Depending on the energy transferred to the electron the ion products may end up as an atomic ion (He + ) or a molecular ion (He + 2 ). Monitoring this ion yield as a function of the light field frequency provides detailed information on the long-range interaction between two slowly colliding metastable atoms. This is illustrated in Figure 2 .
A red detuned photon transfers the He*-He* complex to the attractive part of the excited state potential at the Condon point R c . Here it is accelerated towards small internuclear distances where ionization may occur. Inevitably spontaneous decay of the S−P complex will reduce the chance of reaching small distances on the excited state potential. Depending on the absolute value of the detuning, i.e., the location of R c , the chance of decaying varies. This can be controlled by adjusting the frequency of the photons.
The He* collision system possesses several attractive features compared to other systems investigated so far. Having no nuclear spin the He atoms do not suffer from the presence of hyperfine structure. This facilitates considerably interpretation of data and offers the possibility of accurate and detailed modeling on an absolute scale.
Yet another property of the He* system is interesting. Two distances characterize an optical collisions: R τ = vτ, the average distance traveled by an atom during one lifetime, and R λ = λ/2π, the characteristic length where retardation effects become important. Although R λ is in the same order of magnitude for all systems studied so far, R τ is two orders of magnitude larger for the He*+He* system compared to the other systems, as seen from Table 1. Therefore we expect the He* system to be different from other systems and, in addition, retardation effects to become important.
Experimental setup
The experimental setup consists of three main sections separated by differential pumping stages; a metastable helium source, a Zeeman slower, and a magneto-optical trap, shown schematically in Figure 3 . Metastable atoms are produced in a high pressure DC discharge expanding through a small 0.5 mm nozzle hole. To reduce the initial atom velocity the source unit is cooled with liquid nitrogen and operated at a low discharge power (700 V, 3 mA). Under these conditions we have a He(2 3 S 1 ) output yield of 10 14 sr −1 s −1 with a mean beam velocity of 900 m/s. Before the metastable atoms can be loaded into the MOT they must be slowed down sufficiently. In the Zeeman slower the atoms are decelerated by a counter propagating laser beam tuned close to the He(2 3 S 1 )-He(2 3 P 2 ) transition. A spatial varying magnetic field along the beam axis provides a Zeeman detuning which keeps the atoms in resonance through the slower unit. By optimizing the current in the Zeeman coils, and the laser detuning, final velocities in the range of 50−100 m/s can be obtained. Even lower velocities are attainable but at the expense of a significant transverse expansion of the beam. Ultimately the beam will fan out and this results in a poor beam intensity at the trap position. In the MOT section the atoms are further decelerated and finally trapped. The MOT is composed of three pairs of counter propagating laser beams crossing at right angles in the center of a quadrupole magnetic field. The quadrupole field is generated by two circular coils mounted in an anti-Helmholtz configuration. Typical field gradients are 7.5 G/cm in the plane of the coils and 15 G/cm along the center axis perpendicular to the coil plane.
A detailed picture of the optical setup is given in Figure 4 . Both slowing and trapping lasers are operated on the He(2 3 S 1 )-He(2 3 P 2 ) transition of metastable helium. The 1083 nm laser light required for this transition is provided by two SDL single mode diode lasers, each capable of giving an output power of 50 mW. For trapping, we use a single laser beam. Two telescopes optimize circular
